In order to study the effects of different concentrations of sulfate on the strength of fly ash-based coal mine filling paste, using variable control, mechanical analysis, and other means, the changes in the uniaxial compressive strengths of filling paste blocks soaked in different concentrations of sodium sulfate solution for different durations are studied, and their stress-strain curves are discussed. e hydrated products of each block are analyzed at different stages by XRD, and the results indicate that different concentrations of sodium sulfate solution have different effects on the strength of the filling paste after soaking for different durations. A sodium sulfate solution with a concentration of 5% had an activator effect on the fly ash-based filling paste and enhanced the strength of the filling paste. A sodium sulfate solution with a concentration of 10% and 15% increased the early strength of the paste test block faster, but after 60 d, the strength decreased. e stress-strain curves for these blocks show that the elastic moduli of the filling paste test blocks change irregularly, and it was found that with the increase in soaking time, the blocks soaked in the 10% and 15% sodium sulfate solutions developed fissures in the later stage that adversely affected the strength of the filling paste. e XRD results show that the filling paste test block hydration products are hydrated calcium silicate (C-S-H) based and that ettringite (AFt), beneficial to strength of the filling paste in proper quantities, appeared in the main product of the filling paste test blocks that were soaked in the sodium sulfate solution. With the increase in the concentration of the sodium sulfate solution, the AFt is generated in larger quantities, and gypsum crystals begin to appear, which is not conducive to the filling paste block strength.
Introduction
Coal mine paste filling technology is an important part of green coal mining: it not only plays a significant role in supporting the overlying strata, preventing or reducing surface subsidence of the coal mine [1] [2] [3] [4] [5] , but also provides an effective solution the problem of "three under, one above" mining (mining under a building, under a railway, under a water body, or above confined water) [6, 7] . As a result of its usefulness, paste filling technology has been widely applied and practiced in the field of mine filling. As a core component of filling technology, filling materials have always been the focus of research, with particular focus in recent years on how to both reduce the cost of filling and ensure the safety of mine production [8] [9] [10] [11] . Paste filling materials consist of aggregates and cementitious materials.
e use of fly ash in filling paste offers many potential benefits. Fly ash has the potential for cementitious activity, is cheap and easily sourced, and its use reduces the pollution of fly ash in the environment, thus more and more scientists have been interested in its potential applications. Much research has been conducted on the effects of fly ash content, particle size, activity, and conveyance performance on the performance of coal filling paste [12] [13] [14] [15] [16] [17] .
After entering the goaf, the filling paste is often in a complex mine environment.
e coupling of different properties such as temperature, chemistry, and pressure has a certain influence on the long-term stability of the filling paste [18] [19] [20] [21] . Most of the mine water contains sulfate, chlorine salt, and other substances; the filling paste is soaked in the mine water for a long time, and it can interact with these salts, thus causing the change of performance. Among them, the influence of sulfate on filling paste properties cannot be ignored [22, 23] . Some studies have shown that a proper amount of sulfate can stimulate the activity of the fly ash in the filling paste, promoting early paste strength. Feng et al. [24] used the lime absorption method to explore the excitation effect of different activators on fly ash activity and concluded that the effect of sulfate excitation was superior to that of chlorine salt excitation, and the higher the sodium sulfate concentration, the more obvious the excitation effect. Guo et al. [25] investigated the microstructures of gypsum and fly ash adhesives by using X-ray diffraction, scanning electron microscopy, and pore structure analysis, and it is proved that desulfurization gypsum can effectively destroy Si-O and Al-O bonds in fly ash particles and produce AFt and other substances, so as to improve the compressive strength and tensile bond strength of fly ash-cemented material. He and Wei [26] studied the effect of sulfate on the performance of fly ash-cement adhesives with different fly ash contents using strength tests, and the results show that in a certain sulfate range, the greater the amount of activator is, the better the effect of fly ash will be. Ke et al. [27] theoretically analyzed the mechanisms of the effects of desulfurization gypsum on the activity of a cement-fly ash material; it is believed that the activation mechanism of sulfate to fly ash is mainly SO 4 2− under the action of Ca 2+ reacting with AlO 2 − on the surface of fly ash particles to generate AFt.
However, excessive sulfate can corrode the filling paste, which is unfavorable to the long-term stability of the hardened paste. Fall and Benzaazoua [28] analyzed the strength change trend of the filling paste in a sulfate environment by establishing mathematical models and proved that when the sulfate concentration is too high, the later strength of the filling paste will be adversely affected.
rough strength tests and microanalysis, Pokharel and Fall [29] and Fall and Pokharel [30] explored the coupling effect of sulfate and temperature on the durability of the filling paste. Liu et al. [31] analyzed the corrosion and degradation mechanisms of filling materials in an acidic environment by means of intensity detection, scanning electron microscopy, and X-ray diffraction and studied the products generated by filling bodies subjected to a sulfate environment over time, indicating that excessive production of Aft and other substances is a key factor in reducing the strength of the filling paste. Sun et al. [32] studied the creep characteristics of the filling paste after sulfate attack by mechanical analysis and determined the one-dimensional and three-dimensional constitutive creep equations; the studies show that the accelerated creep of paste is filled in the later stage of sulfate attack, which affects the filling effect. Li and Fall [33] used thermogravimetric analysis and X-ray diffractometry to examine the compositional changes of the filling paste under sulfate attack and explored the influence mechanisms of sulfate on early filling paste performance.
Many studies have demonstrated that although an appropriate amount of sulfate can improve the performance of a fly ash, it also has a certain effect on the durability of the filling paste. However, at present, research into fly ash-based filling pastes is mostly focused on the properties of the paste itself and the principle of coal ash stimulation. Little attention has been paid to the influence of the filling environment on the properties of a fly ash-based filling paste. Fly ash-based filling paste contains a large amount of fly ash, and the influences of multiple factors on the behavior of fly ash filling paste when injected into the goaf are different depending on the conditions. Due to the different sulfate content of different mines, the effect of sulfate on the filling paste is also different, and the durability of the filling paste in a sulfate environment directly affects the filling effect. If the sulfate in the filling environment can be effectively used to improve the long-term stability of the filling material, this would represent a significant development in coal mine paste filling technology.
In this paper, to provide theoretical support for the study of the durability of fly ash-based filling pastes in different sulfate environments, the influence of different sulfate concentrations on the strength of a fly ash-based filling paste was analyzed using strength tests. Microstructural and compositional changes in the fly ash-based filling paste after sulfate attack were then investigated using micro-XRD analysis. 
Experimental Program

Cement.
e cement used in these experiments was 32.5 ordinary Portland cement produced by Shandong Shanshui Cement Group Limited. e chemical composition of the clinker is shown in Table 2 .
Sodium Sulfate.
e sodium sulfate used in these experiments was of analytical purity, produced by Tianjin Feng Boat Chemical Reagent Technology Co., Ltd., and its sodium sulfate content was more than 99%.
Selection of Material Ratio.
e filling paste is made up of cementitious material and aggregate. In order to minimize the cost of filling, the optimization ratio of this mix has always been given careful attention. Coal mine safety regulations require that the initial setting time of the filling paste be 3-4 h, the final setting time be less than 8 h, the bleeding rate be less than 3%, and the slump be in the range of 18-24 cm. Taking the Zibo Mining Group Daizhuang Coal Mine as an example to provide an engineering background, Zhang et al. [34] determined that the ideal ratio of fly ash to cement was between 2 and 8, and the ideal ratio of gangue to cement was between 4 and 10. ey also pointed out that when the ratio of cement, fly ash, and aggregate was 1 : 4 : 6, the mass concentration was 74% and the filling paste exhibited the best performance as well as good application in the field. Liu et al. [35] studied the performance of urban waste paste filling materials and also found that this ratio provided the best effect. e influence of the aggregate on the filler paste body is mainly accounted for by its particle size distribution. From a chemical point of view, the minerals in the aggregate are mostly inert, and the effect of sulfate on the performance of the aggregate is insignificant [8] . Taking into account that the impact of the groundwater environment on a filling paste is mainly on the hydration products of its cementitious material, in this study, a slurry test was used, and the ratio of cement to fly ash was set at 1 : 4. e composition of tested mixtures is shown in Table 3 .
Experimental Design.
Filling pastes produce different hydration products in different environments, and the quantity of generated hydration products varies significantly. As the hydration products vary, the strength of the test block will be affected to varying degrees. In this study, filling paste blocks were prepared with cement and fly ash.
e strength, stress-strain curves, and hydration components of the specimens immersed in clean water and in sodium sulfate concentrations of 5%, 10%, and 15% were analyzed to determine the mechanism of their effect on the paste strength. e test blocks were soaked in 4 sets of 12 blocks, one set soaked in each solution, for a total of 48 blocks. Within each set of twelve blocks, three blocks each were soaked for 30 d, 60 d, 90 d, and 120 d. In order to eliminate the influence of temperature and humidity on the strength of the test blocks, the blocks were cured under a constant relative humidity of 90% and a temperature of 25°C. Once the blocks were demoulded, they were placed into the different solutions for soaking. e experimental design of this study is shown in Table 4 .
Experimental
Steps. According to the experimental scheme, the proportion of cement to fly ash was evenly mixed at a ratio of 1 : 4, adding an appropriate amount of water to provide a mass concentration of 74%. With reference to the "Standard Test Method for Long-Term Performance and Durability of Ordinary Concrete" (GB/T 50082-2009), the paste slurry was tamped into 100 × 100 × 100 mm molds, and bubbles were discharged using a shaking table. Prior to destructive specimen testing, the blocks were divided into four groups: each group of test blocks was completely soaked in clean water, a 5%, a 10%, or a 15% sodium sulfate solution, under constant temperature conditions, until reaching the specified soaking duration of 30 d, 60 d, 90 d, or 120 d. e specimens were then removed from the solutions and tested for uniaxial compressive strength and analyzed by XRD. e basic operational flow chart of the experiment is shown in Figure 1 .
Uniaxial Compressive Strength Test.
e paste test blocks were placed on an AG-X250 Shimadzu testing machine for uniaxial compression testing. e loading method used was displacement control, with the loading speed set to 0.01 mm/s. A camera was used to record the changes in the paste block during the testing process. Each test was repeated three times, and the average result was taken as the strength of the tested block. e compressive test loading process is shown in Figure 2 .
XRD Experiment.
After the uniaxial compression test was completed, samples were taken from the damaged test specimen and placed in pure ethanol to stop all hydration. After 24 h, the sample was removed and dried at 40 centigrade in a vacuum to avoid destroying the molecular structure of the sample. e samples were ground after the drying and then passed through a 74 μm sieve. e passing portion of the ground sample (i.e. the portion smaller than 74 μm) was analyzed by XRD using the instrument shown in Figure 3 .
Results and Discussion
Results and Analysis of Uniaxial Compression Tests.
Fly ash-based filling paste soaked in different concentrations of sulfate solution exhibited significant differences in strength. By examining the uniaxial compression strength results shown in Table 5 , the changes in the strength of the filling paste specimens subjected to different conditions can be clearly seen.
As can be seen in Table 5 , specimens subjected to the same conditions exhibit very similar strengths: the standard deviation in all groups was less than 0.4 MPa. erefore, the average of the three tests of each specimen condition was taken as the uniaxial compressive strength for the given condition. For ease of comparison, one test block from each group was taken for stress-strain analysis.
Effect of Different Sulfate Concentrations on the
Strength of the Filling Paste. As can be seen from Figure 4 , with the increase in soaking time, the strength of the test blocks subjected to different soaking environments clearly 1%. e strength of the test blocks soaked in the 5% sodium sulfate solution was higher than that of the test blocks soaked in the 15% sodium sulfate solution, and the strength of test blocks soaked in clean water remained the lowest of the four soaking conditions. After soaking for 90 d, the strength of the test blocks soaked in the 10% and 15% sodium sulfate solutions decreased, while the strength of the test blocks soaked in the 5% sodium sulfate solution increased significantly, showing a 15.6% improvement over the strength of the blocks after 60 d of soaking, and the strength of the test blocks soaked in clean water continued to slowly increase. After soaking for 120 d, the strength of the test blocks soaked in clean water and in the 5% sodium sulfate tended to be steady, while that of the test blocks soaked in the 10% and 15% sodium sulfate solution continued to decrease. At this time, the strength of the test blocks soaked in the 5% sodium sulfate solution was the highest, followed by the test blocks soaked in the clean water, and then the test blocks soaked in the 10% sodium sulfate solution, while the test blocks soaked in the 15% sodium sulfate solution exhibited the lowest strength.
e active ingredients in the filling paste that was soaked in clean water are certain; under the action of water molecules, the yield of hydrated calcium silicate and other hydration products slowly increases, therefore, the strength of the material also gradually increases, tending to slow down after the active material has completely reacted. Due to the different concentrations of sodium sulfate in the other three solutions in which the test blocks were soaked, different materials were generated. e appropriate concentration of sulfate can fully stimulate the fly ash reaction with cement clinker in the active substance, generating ettringite (AFt), which fills in the voids in the test blocks, increasing their strength. e test blocks that were soaked in the 5% sodium sulfate solution showed an increase in strength with the increase in immersion time, showing that in this material, the sodium sulfate plays the role of an activator. When the concentration of sulfate is too high, it can accelerate the formation of AFt in the specimen at an early stage, such that the strength of the filling paste test blocks increases rapidly. With the increase in soaking time and the accompanying continuation of the reaction, the filling paste not only produces a large amount of AFt, but the expansion of the filling paste body increases, resulting in an accompanying stress increase, reducing the strength of the filling paste, and causing the precipitation of gypsum crystals. Because of this behavior, the strengths of the test blocks soaked in the 10% and 15% sodium sulfate solutions increased more in the early soaking time than the other two groups, but their strength gradually decreased after 60 d of soaking. Advances in Materials Science and Engineering
Stress-Strain Analysis of Test Blocks in Di erent Soaking
Time. It can be seen in Figure 5 that after soaking for 30 d, the peak stress in the lling paste test blocks soaked in the 15% sodium sulfate solution was larger than for the other three groups, while the elastic modulus was the smallest. After soaking for 60 d, the peak stress in each group increased, and the peak stress in test blocks soaked in clean water remained the lowest. At this time, the peak stress and sti ness of the lling paste test blocks soaked in the 10% sodium sulfate solution reached their maximum, indicating an elastic modulus of nearly 1000 MPa. e test block soaked in the 15% sodium sulfate solution exhibited delayed damage after reaching a strain of 1.7%, while the stress was still rising. After soaking for 90 d, the peak stress in the test blocks soaked in clean water and in the 5% sodium sulfate solution showed signi cant increase, while the peak stresses in the other two groups decreased relatively. e lling paste blocks soaked in 10% sodium sulfate solution also exhibited delayed failure phenomenon at 90 d, but at a failure stress, it was lower than that of the lling paste blocks soaked in the 15% sodium sulfate solution. After soaking for 120 d, the peak stress in the test blocks soaked in the 5% sodium sulfate solution was the highest (about 10% higher than the test blocks soaked in clean water), while the peak stress in the test blocks soaked in the other two solutions was signi cantly reduced. e test blocks soaked in the 10% sodium sulfate solution exhibited delayed failure at a strain of 2.60%, after which the stress continued to rise. e test blocks soaked in the 15% sodium sulfate solution reached their peak at a strain of 1.75% and then maintained a certain residual strength as the stress slowly decreased. Under di erent soaking times and di erent concentrations of sulfate solution, the stress and strain characteristics of the lling paste test blocks are obviously di erent, and the elastic modulus is irregular. After peak stress, all lling paste test blocks maintained a certain residual strength. is is because the lling paste test blocks contain plain concrete. Before damage, the test blocks rst undergo a compaction strengthening stage before entering the elastic stage. e cracks produced after the rupture then appear in alternately staggered rows, with shards aking around the test block core (Figure 6 ). Because of this behavior, the stress continues to be borne by the core of the block, and thus will not fall as sharply as it does when rock is subjected to similar damage.
e lling paste test blocks produce di erent substances at di erent stages of soaking. e early absorption of sodium sulfate provides su cient SO 4 2− for the lling paste, generating AFt to ll the internal voids in the test block matrix.
is indicates that for sulfate concentrations in a certain range, the lling paste block strength increases with the increase in sulfate concentration. After peak stress is achieved, there remains a certain residual strength, and the stress decreases slowly. e presence of excessive AFt can cause the internal stress in the lling paste test block to increase, resulting in microcracks, leading to a decrease in the strength of the test blocks. erefore, when subjected to uniaxial compression, the test blocks soaked in a solution 
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with a high concentration of sulfate will first manifest a cracking stage, indicating strain energy release, and then enter into a compaction stage before finally reaching the peak stress and destroying the test block.
Results of XRD Analysis.
rough the results of the strength testing of the test blocks soaked in varying sodium sulfate solutions, it was found that the differences in the solution concentration and soaking time had a significant effect on the filling paste test block strengths. To better understand these effects, XRD was used to analyze the hydration products and explore the regularity of the paste changes. Figure 7 shows the XRD pattern of the hydrated products in the filling paste soaked in different solutions for different periods of time.
As shown in Figure 7 (a), after soaking in the four different solutions for 30 d, the strongest peak in the XRD analysis of the test samples is observed for SiO 2 , indicating that there is still a great deal of cement and fly ash that has not yet been hydrated in the filling paste. At this time, the main products in the test blocks soaked in clean water are Ca (OH) 2 , hydrated calcium silicate (C-S-H), hydrated calcium aluminate (C-A-H), and hydrated calcium aluminosilicate (C-A-S-H). With the addition of sodium sulfate in the soaking solution and with the increase in its concentration, the peak value of SiO 2 and C-A-H in the test blocks gradually decreased and Ca(OH) 2 disappeared, accompanied by the formation of AFt. ese changes are mainly due to the addition of the sodium sulfate, providing SO 4 2− for the production of AFt and consuming a large quantity of products such as Ca(OH) 2 and C-A-H. It can be inferred that in the early stages of soaking in sodium sulfate, AFt was produced inside the filling paste test blocks and filled in the internal voids, making the test blocks denser and thus stronger.
is inference is supported by the fact that for a soaking time of 30 d, the strength of the test blocks soaked in the clean water was lower than that of the test blocks soaked in the sulfate solution, and within a certain sulfate range, the strength of the filling paste blocks increased with the increase in sulfate concentration.
In Figure 7 (b), it can be seen that when the filling paste test blocks were soaked for 60 d, the diffraction peaks of the samples of each test set obviously grew in number, and the peak value of SiO 2 exhibited a downward trend. Compared with the samples soaked for 30 d, the number of C-S-H peaks of the samples soaked in clean water increased significantly, indicating that a large amount of hydrated calcium silicate was already produced in the filling paste to provide strength. A significant AFt peak appeared in the filling pastes soaked in sodium sulfate solutions. With the increase in sulfate concentration, the intensity of the AFt peak increased. At 60 d, the intensity of the AFt peak of the test blocks soaked in the 10% sodium sulfate solution was the largest, as was the uniaxial compressive strength, indicating that a proper amount of AFt can enhance the strength of the filling paste. However, gypsum began to appear in the test blocks that were soaked in the 15% sodium sulfate solution, and these blocks exhibited the lowest uniaxial compressive strength of all test blocks soaked for this duration, indicating that excessive SO 4 2− leads to the creation of expansive gypsum inside the filling paste, reducing its strength.
After soaking for 90 d, the uniaxial compressive strength of the test blocks decreased for larger concentrations of sulfate in the soaking solution. At this time, the strength of the test blocks soaked in the 5% sodium sulfate solution was the greatest. As can be seen from Figure 7 (c), the larger the sulfate concentration, the higher the AFt peak exhibited in the XRD pattern of the hydration products in the test blocks.
is means that the filling paste has generated a large amount of AFt by this time, which increases the internal stress in the test blocks while filling the voids in the block matrix. As this process continues, more microcracks are generated, thereby reducing the strength of the filling paste.
e quantity of gypsum in the test blocks that were soaked in the 15% sodium sulfate solution showed a relative increase, and the test blocks soaked in the 10% sodium sulfate solution also indicated that gypsum was generated. is phenomenon suggests that a high concentration of sulfate can produce a large amount of gypsum in the filling paste, reducing its strength.
e strength of the test blocks soaked in clean water was relatively improved after 90 d, and the peak value of SiO 2 in the XRD pattern was reduced. However, the diffraction peaks of gelling materials such as hydrated calcium silicate, hydrated calcium aluminate, and hydrated calcium aluminosilicate showed a significant increase, indicating that, as the hydration reaction progresses, large amounts of the SiO 2 in the filling paste are consumed to form hydrated calcium silicate and other gelling substances, which enhance the strength of the filling paste blocks.
After soaking for 120 days, the strength of the test blocks soaked in water and the 5% sodium sulfate solution still indicated a slow increase in strength. However, the uniaxial compressive strength of the test blocks soaked in the 10% and 15% sodium sulfate solutions decreased significantly. As can be seen from Figure 7(d) , the XRD pattern of the test blocks soaked in the 10% and 15% sodium sulfate solutions shows significant increases in the AFt and gypsum peaks.
is indicates that the mass production of AFt and gypsum affects the strength of the filling paste test blocks, and as such it is not conducive to the filling of mines. However, when the filling paste was soaked in the 5% sodium sulfate solution, there was no gypsum formed in the filling paste, and there was a small amount of C-A-H. is formation of the appropriate amount of AFt provides a higher strength than the other two sulfate-soaked test blocks. e test blocks soaked in clean water indicated that the hydrated calcium silicate, hydrated calcium aluminate, and hydrated calcium aluminate peaks had been enhanced but not to a significant degree.
is suggests that because the change in product intensity is so gentle, the internal filling paste hydration is nearing saturation. Figure 7 demonstrates that, for the same soaking period, the XRD patterns of the hydration products of filling pastes soaked in different solutions were similar, but the quantities of hydration products were different. For the same soaking solution and different soaking periods, the same XRD peaks for hydration products exhibited larger differences. e differences in the quantity of these hydration products have a significant effect on the strength of the filling pastes during each soaking period.
Action Mechanism of Sulfate in Fly Ash-Based Filling
Paste.
e influence of sulfate on the strength of fly ashbased filling paste is mainly determined by the hydration products. A large number of active SiO 2 and Al 2 O 3 exist in fly ash, which only have potential cementitious activity. Without an activator, these substances do not generally produce gelling.
In an environment without sulfate, the Ca(OH) 2 generated by the hydration of the cement clinker provides an alkaline environment for the fly ash.
e Si-O and Al-O bonds in the components are broken, and the glass phase is gradually dissolved. e silicon oxides in the vitreous body begin to hydrate, forming a large amount of C-S-H and C-A-H, providing strength for the cementing system. e chemical equation of this process is given as follows [26] :
e XRD analysis indicated that with the increase in soaking time, the C-S-H and C-A-H diffraction peaks increased, which has an inevitable connection to the increase in strength. Compared to the test blocks soaked in clean water, there are many more AFt formations in the hydration products of the paste test blocks soaked in sodium sulfate solutions, and the amount of AFt produced also affects the strength of the paste. After the sulfate ions enter the interior of the filling paste, they can react with the unreacted Ca(OH) 2 
Because AFt can be stably present and exhibits expandability, a small amount of sulfate ion-generated AFt can fill the gaps in the interior of the paste, increasing the strength of the paste. However, the excessive formation of AFt expands the filling paste, increasing the internal stress and reducing strength. erefore, in the early stages of soaking, the strengths of the paste blocks soaked in sodium sulfate solutions are relatively high. With the increase in soaking time, the strength of the test blocks soaked in highconcentration sodium sulfate solutions decreases, indicating that when the SO 4 2− is too high in the groundwater environment in which the filling paste is applied, gypsum crystals will be precipitated. e reaction equation is as follows [37] :
Filling pastes soaked in the 10% and 15% sodium sulfate solutions will produce gypsum in the later stages of soaking, and their strengths will decrease accordingly.
is demonstrates that the production of gypsum has a negative influence on the strength of the filling paste. e formation of gypsum increases the volume of the filling paste, and internal expansion stress is produced in the filling body, leading to damage of the test blocks. At the same time, the consumption of Ca(OH) 2 inside the filling paste decomposes the gelling substances generated within the paste, further reducing its strength.
Conclusions
A series of filling paste test blocks were soaked in varying concentrations of sodium sulfate solutions for varying durations.
e uniaxial compressive strengths of the blocks were then determined, and XRD analyses of the constituent materials of the pastes were conducted to identify the products present in the paste material. e testing program resulted in the following conclusions:
(1) In the early stages of immersion, the uniaxial compressive strength of the filling paste test blocks soaked in 10% sodium sulfate solution was the highest. With the increase in soaking time, the uniaxial compressive strengths of the test blocks soaked in clean water and the 5% sodium sulfate solution were improved, while the strength of the filled paste test blocks soaked in the 10% and 15% sodium sulfate solutions decreased after soaking for 60 d. (2) After soaking for 120 d, the uniaxial compressive strength of the filling paste test blocks soaked in the 5% sodium sulfate solution was the highest, indicating that an appropriate concentration of sodium sulfate in the soaking solution acts as an activator for the fly ash in the filling paste.
(3) e stress-strain curves indicate that the elastic moduli of the filling paste test blocks change irregularly. After soaking for 60 d, the strength of the filling pastes soaked in a higher concentration than the 5% sodium sulfate solution began to display microcracks, affecting the strength of the test blocks. (4) It can be seen from the XRD patterns that the main hydration product generated in the filling paste was C-S-H. e main product generated in the filling paste test blocks soaked in the sodium sulfate solution was initially AFt, though with the increase in the concentration of sodium sulfate and soaking time, gypsum crystals appeared in the filling paste, which are detrimental to the strength of the test blocks. (5) A concentration of 5% sodium sulfate is helpful for improving the strength of a fly ash-based filling paste. Sodium sulfate solutions with concentrations of 10% and 15% increased the early strength of the filling paste faster, but with the continued increase in AFt and gypsum crystals after longer soaking durations, the strength decreased, and thus sulfate concentrations of this intensity are not conducive to the durability of a fly ash-based filling paste.
is research has determined that the presence of sulfate in mine water can be useful to the properties of filling pastes containing fly ash. However, the concentrations of sulfates in the subject mine must be carefully determined, as excessive concentrations of sulfates can lead to detrimental effects of the strength of the filling paste. By quantifying the behaviors of fly ash-based filling pastes in sulfate environments, this research has defined how this material can be successfully applied to coal mine filling.
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